The use of the monoanionic Schiff base ligand (E)-4-(2-hydroxybenzylideneamino)-2,3-dimethyl-1-phenyl-1,2-dihydropyrazol-5-one in transition (Co, Ni and Cu) coordination chemistry yields mono-, tetra-and pentanuclear Coordination Clusters with different structural motifs. An organic transformation occurs in the ligand in the Cu compound for which theoretical studies are presented. Solution studies, topological issues and magnetic studies are discussed. The present results demonstrate the richness of the coordination chemistry of this monoprotic organic ligand, which promotes the formation of high-nuclearity CCs.
Introduction
The coordination chemistry of polynuclear transition metal coordination clusters (CCs), 1 assembled by organic or inorganic ligands, has received considerable attention today. These materials find applications in biological systems, 2, 3 magnetism, 4-9 material science, 10-15 photochemistry 16, 17 and as components in catalytic procedures. [18] [19] [20] The synthesis of such finite molecules is mainly based on serendipity, 21 however the employment of an organic ligand, that bears numerous coordination sites, facilitates their synthesis. Schiff base ligands are of particular interest due to their ease of synthesis and multiple coordination sites, thus have been extensively used for the synthesis of polynuclear CCs. [22] [23] [24] [25] [26] [27] [28] Ampyrone, also known as 4-aminoantipyrine, is a pyrazole derivative that has a keto group at position 5 and is substituted at position 4 by an amino group (A, Scheme 1). This organic scaffold has been used for the synthesis of dihydrotestosterone products, 29 whilst its derivatives, exhibit cycotoxic, 30 antimicrobial 31 or anagesic 32 activity, similar bioactivity to ampicillin and streptomycin, 33 and has been used to produce redox active Ru CCs, 34 hydrogen bonded framewoks, 35 fluorescent chemo sensors for F -36 and Cu 2+ /F -37 recognition, selective probes for Al 3+ and cysteine detection, 38 and pigments. 39 Additionally, due to the presence of the amino and keto groups ampyrone can react with another organic scaffold that bears an aldehyde/ketone or amino group, yielding Schiff base ligands with multiple donor sites, which in turn can be excellent candidates for the construction of polynuclear CCs. We recently initiated a project towards the synthesis of homo-and heterometallic polynuclear CCs with the use of the ligand (E)-4-(2-hydroxy-3-methoxybenzylideneamino)-2,3-dimethyl-1-phenyl-1,2-dihydropyrazol-5-one (B, Scheme 1) that is a Schiff base ligand produced from the condensation of ovanillin and ampyrone. The employment of B in 3d and 4f chemistry yielded a series of polynuclear CCs displaying previously unseen topologies, interesting magnetic properties and unexpected chemical transformations. [40] [41] [42] [43] According to a detailed literature survey, 44 the organic ligand C (HL 1 , Scheme 1) that is structural related to B, lacking a methoxy group, and its derivatives have been used for the synthesis of low nuclearity compounds such as the mononuclear Ni, 35 Co, 35 Cu, 45, 46 and Re 47 and dinuclear Co2 48 and Cu2 49 species. Therefore, as an extension of our previous study, we envisioned that HL 1 can yield polynuclear CCs and therefore in this work, we used this specific unit as template to yield coordination compounds of high nuclearities. We report herein the use of HL 1 (9) , (where piv = pivalic acid, 1-nap = 1-napthoic acid, 4-nba = 4-nitrobenzoic acid) as well as the magnetic properties for representative compounds 6-9. Synthetic and topological issues are discussed. In addition, we report interesting case of ligand transformation found in 9 supported by theoretical density functional theory studies.
Experimental Section
Materials. Chemicals (reagent grade) were purchased from Sigma Aldrich, Acros Organics and Alfa Aesar. All experiments were performed under aerobic conditions using materials and solvents as received. Safety note: Perchlorate salts are potentially explosive; such compounds should be used in small quantities and handled with caution and utmost care at all times. Instrumentation. IR spectra of the samples were recorded over the range of 4000-650 cm -1 on a Perkin Elmer Spectrum One FT-IR spectrometer fitted with a UATR polarization accessory. EI-MS was performed on a VG Autospec Fissions instrument (EI at 70 eV). NMR spectra were measured on a Varian VNMRS solution-state spectrometer at 500 MHz at 30°C. Chemical shifts are quoted in parts per million (ppm). Coupling constants (J) are recorded in Hertz (Hz). Elemental analysis data were recorded at Science Centre, London Metropolitan University, 29 Hornsey Road, London N7 7DD, UK. Magnetic studies. Magnetic susceptibility measurements were carried out on polycrystalline samples with a MPMS5 Quantum Design susceptometer working in the range 30-300 K under external magnetic field of 0.3 T and under a weaker field of 0.03T in the 30 -2 K range to avoid saturation effects. Diamagnetic corrections were estimated from Pascal Tables. X-ray Crystallography. Data for HL 1 and compounds 1, 2, 5, 6, 7 and 8 were collected (ω-scans) at the University of Sussex using an Agilent Xcalibur Eos Gemini Ultra diffractometer with CCD plate detector under a flow of nitrogen gas at 173(2) K using either Mo Kα (λ = 0.71073 Å) or Cu Kα radiation (λ = 1.54184 Å). CRYSALIS CCD and RED software was used respectively for data collection and processing. Reflection intensities were corrected for absorption by the multi-scan method. Data for 3, 4 and 9 were collected at the National Crystallography Service, University of Southampton 50 . All structures were determined using Olex2 51 , solved using SHELXT 52 and refined with SHELXL-2014 53 . All non-H atoms were refined with anisotropic thermal parameters, and H-atoms were introduced at calculated positions and allowed to ride on their carrier atoms. Crystal data and structure refinement parameters for all compounds are given in Tables S1 and S2 . Geometric/crystallographic calculations were performed using PLATON 54 , Olex2 51 , and WINGX 55 packages; graphics were prepared with Crystal Maker and MERCURY 56 . Each of the crystal structures has been deposited at the CCDC 1588912-1588921.
Synthetic part
Synthesis of HL 1 . Equivalent amounts of salicylaldehyde and 4-aminoantipyrine were refluxed in methanolic solution for 2 hours. The ligand was obtained after filtration in 95% yield, washed with cold methanol, then washed with Et2O and dried in air. Re-crystallization in EtOH produced large yellow block crystals. 1 
Results and Discussion
Mononuclear compounds 1 and 2 are isostructural, therefore only 1 will be described in detail. The complex crystallises in the P-1 triclinic space group. Its asymmetric unit contains one Ni II ion, two deprotonated organic ligands (L 1 ) and three lattice acetonitrile molecules ( Figure 1) . Both organic ligands demonstrate the same coordination mode (Scheme 2-I), fulfilling the Ni II ions coordination geometry with a (N2O4) donor set. The Ni II ions coordination geometry can be described as distorted octahedral and Ni-O bond lengths range between 2.002 (13) Compound 3 crystallises in the triclinic P-1 space group. The co-ligand pivalic acid was employed during preparation to enhance variation in the resulting structure. As such, the mononuclear formed complex contains a Cu II ion, one deprotonated L 1 molecule, one deprotonated co-ligand molecule and a lattice water molecule in the asymmetric unit ( Figure S2 ). The L 1 ligand exhibits the same coordination mode as in the case of 1 and 2, while pivalic acid coordinates to the metal centre through one oxygen atom. As a result, Cu II presents a (NO3) coordination environment and a square planar geometry. The respective Cu-O distances range from 1.896(3) to 1.999(3) Å, while the mean Cu-N bond length was measured at 1.966(2) Å. Furthermore, the lattice water molecule in 3 4 | J. Name., 2012, 00, [1] [2] [3] This journal is © The Royal Society of Chemistry 20xx
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Please do not adjust margins participates in two strong O-H···O hydrogen bonds (Table S6) , ensuring the stability of the supramolecular architecture in the compound. Compound 4 was synthesized through the addition of the co-ligand 1-naphtoic acid and results in a structure that is slightly different compared to 3. In this case, the complex crystallises in the orthorhombic P21212 space group and its asymmetric unit contains two different mononuclear [Cu II (L 1 )(1-nap)] species; a water molecule, a perchlorate anion and a protonated trimethylamine are also present in the lattice ( Figure S3 ). While L 1 ligand exhibits the same coordination mode (Scheme 2-I) as the previously described compounds, the coordination mode of the co-ligand is different in this case, as both oxygen atoms of 1-nap coordinate to the Cu II ion. As a result, the geometry of the pentacoordinated metal centre for each monomer species is trigonal bipyramidal (τ = 0.87 for Cu1, 0.92 for Cu11) 57 . The mean Cu-O and Cu-N distances range from 1.906(6) to 2.502(8) and from 1.962(6) to 1.970(7) Å, respectively. The remaining lattice components participate in a network of intramolecular strong hydrogen bonds, which stabilise the structure. These are listed in Table S8 .
The dinuclear compound 5 crystallises in the P-1 triclinic space group. The asymmetric unit of 5 contains two Ni II ions, two deprotonated organic ligands, one deprotonated 4-nitrobenzoic acid co-ligand (4-nba), a coordinated methanol and water molecule and a perchlorate ion (Figure 2 ). The Ni2O2 core forms a distorted square with a Ni1-Ni2 distance of 2.9457(7) Å, while Ni-O bond lengths range from 1.983(3) to 2.112(3) Å. Both L 1 ligands display the same coordination mode (Scheme 2-IV) with each phenol group bridging Ni1 and Ni2. The 4-nba co-ligand also bridges Ni1 and Ni2 (Scheme 4). The coordination geometry is fulfilled by a water molecule (for Ni1) and a methanol solvent molecule (for Ni2). As a result, both Ni II ions display a distorted octahedral geometry with a (NO5) donor set. No supramolecular interactions (H-bonds, stacking) can be found in the structure. The tetranuclear compound 6 crystallises in the P21/c monoclinic space group. The asymmetric unit contains four Ni II ions, four deprotonated organic ligands, two triply bridging hydroxide ions, two co-ordinated ethanol molecules, two perchlorate counter ions and five lattice ethanol solvent molecules. The main core of 6 can be considered a Ni4O4 distorted cube with Ni II ions and O nodes at alternating vertices (Figure 3) . Within this cube, Ni-O bond lengths range in length between 1.969(3) -2.216(3) Å and Ni-O-Ni bond angles between 90.55(10) -104.52(11)°. All Ni II ions display a (N1O5) coordination sphere and distorted octahedral geometry. L 1 ligand displays two co-ordination modes; two ligands support the Ni4O4 core via phenolic oxygens within the cube, these are aligned to the diagonal hydroxide ions included within the core on the same face (Scheme 2, Coordination mode II). The other two only fulfil the co-ordination environment of Ni II ions (Ni02-Ni04, Ni01-Ni03) and coordinating groups are not involved in the formation of the Ni4O4 cube (Scheme 2, coordination mode III). Both hydroxide ions are triply bridging between Ni02-Ni03-Ni04 and Ni01-Ni03-Ni04. Multiple strong H-bonding interactions are observed within the crystal structure (Table  S11) , the first of these between a phenolic oxygen of L 1 and a coordinated EtOH and the second between a bridging hydroxide ion and a lattice EtOH molecule. An additional weaker hydrogen bond is observed between the aforementioned and a ClO4 counter ion. No other supramolecular interactions can be found between neighbouring entities. The tetranuclear compound 7 crystallise in the P-1 triclinic space group. Its asymmetric unit contains four Ni II ions, four deprotonated organic ligands, two deprotonated pivalic acid molecules, two perchlorate counter ions, one lattice water molecule and two acetonitrile solvent molecules. The main core of 7 can be consider a Ni4O4 distorted cube with Ni II ions and O nodes at alternating vertices (Figure 4) , similar in fashion to 6. However in this compound the Ni4O4 cube appears less distorted, as the range between relevant bond lengths and angles is smaller; the Ni-O bond lengths and Ni-O-Ni bond angles range between 1.999(2) and 2.1565(18) Å, and between 89.27(7) and 100.29(8)°, respectively. As in compound 6, the phenolic oxygens of each L 1 ligand are included within the core. All Ni II ions display a distorted octahedral geometry with all ligands adopting co-ordination mode II (Scheme 2). All Ni II centres also possess the same donor set (N1O5) and the coordination of each ion is fulfilled via bridging pivalic acid molecules. One co-ligand bridges the Ni01 and Ni03 metal centres, while the second co-ligand bridges Ni02 and Ni04. Two strong O-H···O hydrogen bonds are also formed to further stabilize the structure. The values for these bonds may be found in Table S13 . The pentanuclear compound 8 crystallises in the P21/c monoclinic space group. The asymmetric unit contains five Ni II ions, five deprotonated organic ligands, two triply bridging methoxy groups, one triply bridging hydroxy group, four lattice solvent DMF molecules and two perchlorate counter ions. The main core of 8 can be considered as three fused triangles with a Ni II cation occupying each vertice ( Figure 5 ). As a result, Ni1, Ni3 and Ni5 occupy one plane while Ni2 and Ni4 occupy a different plane. The core can be represented as Ni5O8 with Ni nodes at the two apex vertices alternating with O. The eight O nodes in the core derive from coordinated phenolic oxygens and the hydroxy and methoxy bridging groups. The organic ligand L 1 demonstrates two coordination modes (Scheme 2) with two ligands displaying coordination mode IV and three ligands displaying coordination mode V. As for the bridging groups, each group bridges three Ni II centres; the methoxy bridges are formed between Ni1-Ni2-Ni3 and Ni2-Ni3-Ni4 respectively, while the hydroxy group provides the third support of the core and bridges Ni-3-Ni4-Ni5. As a result, each Ni II centres is six-coordinated with a (NO5) donor set and geometry may be best described as a distorted octahedral. The Ni-O bond lengths ranging between 1.992(3) and 2.254(3) Å, while the Ni-O-Ni angles range between 95.60 (14) and 100.78(13)°. Selected bond distances and angles may be found in Table S14 . The stability of the structure is further increased through the formation of a strong O-H···O hydrogen bond between the hydroxy group and a lattice DMF molecule. No other supramolecular interactions can be found between neighbouring entities. The tetranuclear compound 9 crystallises in the C2/c monoclinic space group. The asymmetric unit of 9 contains four Cu II ions, two transformed doubly deprotonated organic ligands (Scheme 3, H2L 2 ), two other transformed doubly deprotonated ligands (Scheme 3, H3L 3 ) and four lattice MeCN solvent molecules ( Figure 6 ). The formed Cu4O6 core can be considered a defected dicubane with a number of nodes unfilled, forming an empty cavity, while the Cu II nodes form a horizontal lozenge along the X axis with two "body" and two "wing" positions occupying the vertices of the lozenge. The "body" Cu II centres (Cu1) are sixcoordinated and display a distorted octahedral geometry with a (NO5) donor set. The "wing" Cu II centres (Cu2) are fivecoordinated and possess distorted trigonal bipyramidal geometry with a (NO4) donor set. The trigonality index is 0.61 57 and confirms the distortion. The mean Cu-O bond distances range from 1.8781 (12) 44 Further topological analysis of these compounds using TOPOS software 58 and implementing monoatomic bridges to connect the metal centres 59 yields the following eight motifs shown in Figure 7 ; two twisted triangles sharing one edge (2,4M5-1) 60,61 linear (1,2,2M5-1) 62,63 , cross-like (1,4M5-1) 64,65 , trigonal bipyramidal-like (2,3M5-1, 66 2,3,3M5-1 67 and 3,4M5-1 68 ), ring-like (2M5-1) 69, 70 and pentagonal like (4M5-1) 71 . The topological analysis of compound 8 gives an NDk-m symbol 2,3,4M5-1 and this is the first example ever seen in Ni chemistry. Interestingly, the latter topology can be found in compounds containing solely Mn, 72, 73 Fe, 74 
Magnetic measurements and modelling
The numbering of the spin carriers in the applied Hamiltonians and in the subsequent discussion for 6 -9 is provided in Scheme 5. The fit of the experimental data was made for all complexes using PHI program 80 and applying the Hamiltonians derived from the corresponding interaction scheme. Quality of the fits are parametrized as the factor R = (χMTexp-χMTcalc) 2 /(χMTexp) 2 .
The room temperature χMT values for the cubane compounds 6 and 7 are 6.06 and 5.45 cm 3 K mol -1 respectively. These values are slightly larger than the expected one for four isolated S = 1 local spins. For the two compounds χMT increases continuously up to maximum values of 11.14 cm 3 K mol -1 (12 K) and 9.87 cm 3 K mol -1 (3 K). Below the maxima χMT value decrease down to 9.03 and 9.42 cm 3 K mol -1 at 2 K, Figure 8 . The shape of the plots indicates ferromagnetic coupling and S = 4 ground states, as confirm the magnetization experiments that show saturated values of magnetization of 9.13 NμΒ for 6 and 8.80 NμΒ for 7.
The core of complex 6 shows different bond parameters in each one of their six faces. Four of them are contains one phenoxo and one hydroxo bridges whereas two opposite faces exhibit only hydroxo or phenoxo bridges between the Ni II cations. Taking into account that the FM/AF border for these bridges are not the same, the simplified Hamiltonian to fit the experimental data was built attending the kind of bridges as:
The best fit parameters were J1 = +5.8 cm -1 , J2 = -5.2 cm -1 , J3 = +6.2 cm -1 and g = 2.33, with R = 1.60·10 -4 . The FM/AF border for O-hydroxo bridges is placed around 95° and close to 100° for Ophenoxo bridges. In good agreement, J2 is negative for the face with hydroxo bridges and Ni-O-Ni bond angles larger than 100° whereas J1 is weakly FM. Complex 7 is more symmetric than 6, showing four similar faces and two opposite faces with an additional carboxylate bridge that forces lower Ni-O-Ni bond angles. In light of the structural data the simplified Hamiltonian was. H = -2J1(S1·S3 + S2·S4) -2J2(S1·S2 + S1·S4 + S2·S3 + S3·S4) The best fit parameters were J1 = +6.3 cm -1 , J2 = +0.9 cm -1 and g = 2.28, with R = 3.20·10 -5 . As in the above case, the low Ni-O-Ni bond angles or around 90° for the two opposite faces parametrized by J1 becomes clearly FM.
The pentanuclear complex 8 shows a room temperature χMT value of 5.76 cm 3 K mol -1 that increases on cooling up to a maximum value of 11.74 cm 3 K mol -1 at 5 K indicating a moderate dominant ferromagnetic interaction. The core of this complex is fully asymmetric either by the bond parameters as the μ3-O bridging ligands (hydroxo or methoxo) and according to Scheme 5 there are seven different interactions that according to the Ni-O-Ni bond angles should be placed around the FM/AF border. Fits performed with different Hamiltonians, joining several interactions under a variety of criteria (bond parameters or kind of ligands) shows that multiple solutions with excellent agreement can be found. The Ni-O-Ni bond angles from the phenoxo bridges are similar (ranging between 95.4-96.7º) as well the Ni-O-Ni bond angles from the 3-O donors (ranging from 97.4-100.5º). The simplest fit assuming the same J value for the seven interactions gave a poor fit indicating that all superexchange pathways are not equivalent.
The most obvious difference corresponds to the 3-O and 3-OMe bridges and thus, fit of the data was tried with the Hamiltonian: H = -2J1(S1S2+ S1S5+ S2S5+ S4S5) -2J2(S1S3+ S1S4+ S3S4) An excellent fit was obtained for J1 = +4.6 cm -1 , J2 = +0.3 cm -1 , g = 2.09 and an intercluster z'J' interaction of -0.02 cm -1 , Figure  8 . The trial to differentiate the interaction between S1S4 and S1S3/S3S4 gave a similar fit and J values. Absolute values are not fully reliable because the MT decay at low temperature has been simulated with a zJ' term instead the zero field splitting (D) parameter but the obtained results suggest clearly larger interaction mediated by the methoxo bridges. Magnetization measurements performed up to a field of 5 T show a quasisaturated value of 8.6 N which are in agreement with a S = 5 ground state with a magnetization value lower than ten electrons due to the D effect.
Finally, complex 9 shows a practically constant χMT value of 1.60 cm 3 K mol -1 indicating a negligible interaction between the Cu II atoms. This feature can be justified by the moderate Cu-OCu bond angles and more important, the strong distortion on the coordination sphere of Cu2, intermediate between square pyramidal and trigonal bipyramid, that reduces the effective overlap between the paramagnetic centres. Please do not adjust margins
Please do not adjust margins monitoring the geometric and energetic reaction profile. All calculations were performed using the Gaussian09, D.01 program suite. 82 Computational details with relevant citations are given in the SI. The geometric and energetic reaction profile along the triplet PES is depicted schematically in Figure 9 , while the geometric and energetic reaction profile along the singlet PES is given in the SI ( Figure S16 ). 
Conclusions
The first examples of polynuclear 3d CCs constructed from (E)-4-(2-hydroxybenzylideneamino)-2,3-dimethyl-1-phenyl-1,2-dihydropyrazol-5-one (HL 1 ) Schiff base ligand are reported in this study. The use of a variety of co-ligands influence the final topology and nuclearity, whereas the use of redox active metals (i.e. Cu) may yield to oxidation of the main organic scaffold. The present synthetic strategy highlights are i) a pentanuclear CC Ni5 (8) ; its topology has never been seen in Ni chemistry and ii) a tetranuclear CC Cu4 in which an interesting ligand transformation, involving atmospheric oxygen absorption, has occurred. The L 1 → L 2 and L 1 → L 3 ligand transformations taking place in a binuclear [Cu2(L 1 )2] 2+ complex yielding stepwise the [Cu2(L 1 )(L 2 )] + and [Cu2(L 2 )(L 3 )] complexes respectively. These findidings are probed by DFT calculations of the singlet and triplet PESs along the reaction trajectories and monitoring the geometric and energetic reaction profile. The present work illustrates that the proposed methodology represents an effective synthetic tool to construct high nuclearity CCs with unseen topologies as well molecular models to understand the bio-activity of ampyrone (cycotoxic, antimicrobial, analgesic). Ongoing investigations for the synthesis of other derivatives are in progress in our laboratory.
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